, presumably owing to intercellular bridge remodelling, microtubule severing and microtubule depolymerization.
In the final step of cell division, the intercellular bridge is severed adjacent to the midbody, giving rise to two daughter cells (FIG. 1) . Although much has been learnt about the events leading up to abscission, the mechanisms and molecules that mediate the final abscission event are incompletely understood. Some insights into this issue come from the use of small-molecule inhibitors, RNA interference and longterm live-imaging of fluorescently tagged proteins. Indeed, recent studies have identified several major events that contribute to abscission. These include: polarized vesicle transport and fusion within the intercellular bridge 8, 9 ; recruitment of the ESCRT (endosomal sorting complex required for transport) machinery to the site of bridge severing 4, 5, 10, 11 ; and signalling cascades that coordinate abscission with cell cycle progression 12 and other cellular processes (for example, chromatin clearance from the intercellular bridge and nuclear pore reassembly) [13] [14] [15] [16] . These events occur at or adjacent to the midbody, further implicating this organelle in the coordination of abscission.
In this Progress article, we review the current understanding of abscission, with a focus on the molecular mechanisms of bridge severing and the surveillance networks that ensure successful completion of abscission. We propose that the coordinated action and integration of several events and pathways culminate in cell separation.
Membrane trafficking during abscission
Work over the past few years has shown that abscission requires selective transport of secretory and endocytic vesicles to the midbody 6, 17 (FIG. 2) . It was first noted that the disruption of post-Golgi complex secretion in Caenorhabditis elegans leads to abscission failure 18 . Other studies on live vertebrate cells later showed that Golgi complex-derived vesicles are targeted to the midbody during abscission, where they seem to dock and/or fuse with the intercellular bridge membrane 6, 17, 19 . In addition, proteins involved in secretory vesicle tethering (for example, the exocyst) and fusion (for example, SNAREs) are enriched at the midbody during abscission 6, 20, 21 and depend on the midbody proteins centriolin and CEP55 (centrosomal protein of 55 kDa) for their localization 6, 21 . Loss of these proteins from the midbody causes defects in abscission that ultimately prevent cell separation and generate binucleated cells or multicellular syncytia (which are cells that are connected by intercellular bridges) 6, 17, [20] [21] [22] . It should be noted that bridge cutting occurs at least 10 minutes after vesicle trafficking and fusion within the intercellular bridge 4, 6 . The reason for this lag is unclear; it is possible that secretory vesicles act as scaffolds for transporting and anchoring proteins for membrane remodelling, deformation and possibly scission in the bridge (for example, through the ESCRT machinery; see below).
Like Golgi complex-derived vesicles, endosome trafficking to the intercellular bridge is also required for abscission 17, 23, 24 . Endosomes that are targeted to the midbody are bound by the RAB GTPases RAB11 or RAB35 (REFS 17, (23) (24) (25) . Both RABs are involved in endocytic recycling during interphase, when they localize to different endocytic compartments, and depletion of either RAB causes binucleated cell formation resulting from cytokinesis failure, possibly through multiple mechanisms 17, 23, 24 . For example, inhibition of RAB35 activity prevents midbody targeting of septin 23 , a cytoskeleton component that is crucial for cytokinesis 26 . Moreover, inhibiting or depleting RAB35 disturbs the proper enrichment at the midbody of phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P 2 ) Abstract | During the final stage of cell division, the future daughter cells are physically separated through abscission. This process requires coordination of many molecular machines, including endocytic and secretory vesicle trafficking proteins as well as ESCRT (endosomal sorting complex required for transport) proteins, that mediate a complex series of events to culminate in the final separation of daughter cells. Abscission is coordinated with other cellular processes (for example, nuclear pore reassembly) through mitotic kinases such as Aurora B and Polo-like kinase 1, which act as master regulators to ensure proper progression of abscission.
which is a lipid involved in cytokinesis 28 and polarity establishment (reviewed in REF. 29 ). Unlike RAB35, RAB11-bound endosomes undergo polarized transport to the midbody, a process that requires the FIP protein family 17 . FIP3 and FIP4 also interact with and require the small GTPase ADP-ribosylation factor 6 (ARF6) and the exocyst subunit EXO70 for their localization to the intercellular bridge and the midbody 30 . Depletion of either FIP3 or RAB11 disrupts abscission 17 , although the precise contribution of RAB11-bound endosomal membranes to abscission is unknown. One intriguing possibility is that ARF6 promotes cross-regulation between the RAB11-and RAB35-mediated endocytic pathways. In support of this idea is the observation that ARF6 interacts with RAB11 and also acts upstream of RAB35 during cytokinesis 24 . It is possible that a similar cross-regulating system operates between the secretory and endocytic pathways. For example, the exocyst subunit SEC15 binds to both centriolin, the apparent anchor for Golgi-derived secretory vesicles at the midbody, and active RAB11 to form a complex that is implicated in endocytic recycling 6, 31 . Moreover, disruption of the exocyst seems to impair both secretory vesicle fusion at the midbody and localization of RAB11-bound endosomes to the intercellular bridge 6, 30 . This suggests that the exocyst complex functions in both secretory and endocytic pathways and in this capacity co-regulates and coordinates these pathways during abscission. By contrast, secretory or endocytic vesicles decorated with RAB8 (REF. 32 ) are delivered to the intercellular bridge 4,33 but do not seem to contribute to abscission 4 . This suggests either that secretory and/or endocytic vesicles do not contribute to abscission in all cell types, or that there is a distinct role for specific vesicle trafficking pathways at the midbody. Further work is required to determine whether RAB8-bound vesicles are involved in abscission.
Targeted tethering of secretory and endocytic vesicles to the intercellular bridge by the exocyst complex is similar to exocystmediated vesicle tethering to the leading edge in polarized, migrating cells 9 . The exocyst and targeted vesicle fusion are also required for polarity establishment in polarized epithelial cells (reviewed in REF. 34 ). On the basis of these similarities, we propose that polarized vesicle transport contributes to polarity formation early in cytokinesis, when new epithelial cells are created. In support of this idea is the observation that RAB11 is required for both polarized transport of endosomes to cell division sites 17 and proper targeting of the polarity protein crumbs3a to the intercellular bridge 8 . Although RAB11 is required for cytokinesis and crumbs3a delivery to the intercellular bridge, a role for crumbs3a in cytokinesis has not yet been established. A better understanding of the role of crumbs3a could link cell polarity to abscission. The CDC42-PAR6 (partitioning defective 6) pathway also has a role in both polarity and endocytic recycling in mammalian cells and C. elegans coelomocytes 35 , suggesting a model in which polarized membrane trafficking and polarity protein recruitment to the division site synergistically contribute to abscission.
ESCRTs and bridge severing
ESCRTs (ESCRT-0, ESCRT-I, ESCRT-II and ESCRT-III) are known to have a role in multivesicular body (MVB) biogenesis and viral budding 36, 37 . The topological similarity between the neck of a budding virus and the intercellular bridge between two nascent daughter cells suggests an additional role for ESCRTs in abscission 38 , and this was in fact recently demonstrated 4, 10 (FIG. 2a) .
During abscission, a subset of ESCRTs and associated proteins is directed to the midbody by CEP55 (REFS 10, 39, 40) , an event that may require midbody ubiquitylation 41 . Three-dimensional structured illumination microscopy (SIM) and electron microscopy tomography were used to examine fluorescently tagged or immunostained components of ESCRT-III (for example, CHMP4B (charged MVB protein 4B) and VPS4B (vacuolar protein sorting-associated protein 4B)). This work showed that ESCRT-III concentrates initially at the midbody and then at a separate site in the intercellular bridge, where an array of helical filaments is assembled (~1 μm away from the midbody) 4 ,5 (FIG. 2b) . It has been proposed that these ESCRT-III-dependent helical filaments lead to the deformation of the intercellular bridge membrane adjacent to the midbody, where bridge severing will occur 4, 5, 38 . ESCRT-III components and ESCRT-associated proteins also seem to recruit the AAA+ ATPase spastin to this site, suggesting a coordination between microtubule severing and bridge cutting during abscission 4, 11, 42 . Although ESCRT-III assembly, deformation of the intercellular bridge and microtubule severing seem to draw the cell closer to abscission, it is noteworthy that abscission occurs 10-20 minutes after these events 4, 5 . This lag may represent the time required for the ESCRT machinery to complete abscission. Alternatively, it may be the time required to coordinate ESCRT activity with membrane trafficking to and fusion with the intercellular bridge. It is also possible that these pathways function consecutively during this delay period.
It remains unclear how ESCRT-III components and spastin are recruited to the severing site. One possibility is that midbody-localized ESCRT-III components are 'activated' by other midbody components Figure 1 | The major stages from cytokinesis to abscission. Following entry into cytokinesis, the actomyosin ring and antiparallel midzone microtubules emerge between the segregated chromosomes. In early cytokinesis, midzone microtubules gradually compact through the crosslinking of associated midzone proteins, and the cleavage furrow narrows. After furrowing, the intercellular bridge with the compacted microtubules connects the two daughter cells. The midbody within the intercellular bridge contains overlapping microtubules, the midbody ring (derived from crosslinked midzone proteins) and amorphous, electron-dense material (not shown). Abscission occurs adjacent to the midbody after multiple pathways orchestrate severing of the intercellular bridge (for details, see FIG. 2 ). In certain cell types, a second bridge-severing event occurs on the other side of the bridge. , so additional studies are required to determine how ESCRT-III resolves this large tubular structure. Moreover, membrane deformation through force generation by these ESCRT-III-dependent filaments under this scenario should also be examined.
Nature Reviews | Molecular Cell Biology
More recently, the ESCRT-III protein CHMP4C was found to be recruited to the midbody much earlier and to have a different role in abscission than its paralogue CHMP4B 16 . CHMP4B and CHMP4C are both recruited and are crucial for viral budding [43] [44] [45] and are presumably integrated into the same helical filamentous structures 46, 47 . However, the different dynamics of CHMP4B and CHMP4C during abscission raise the possibility that the helical filaments linked to intercellular bridge cutting differ in molecular composition and/or mechanism of action from the seemingly analogous filamentous structures observed during viral budding. Therefore, further studies are required to precisely determine how and which ESCRT-III components contribute to abscission.
Kinases ensure faithful abscission
It is reasonable to envision the existence of master regulators of the abscission process that ensure abscission location, timing and coordination with other cellular events. It is thus not surprising that the well-known mitotic kinases Polo-like kinase 1 (PLK1) and Aurora B have important roles in abscission. Aurora B also coordinates abscission with other cellular processes such as nuclear pore reassembly 48 .
Mitotic kinases regulate midbody assembly and abscission timing. It has been known for some time that PLK1 and Aurora B are required for proper progression through mitosis and cytokinesis 49, 50 , but their roles in abscission were only recently uncovered 12, 13, 51 . PLK1 degradation starts after anaphase, leading to a gradual decline in PLK1 activity, which is crucial for entry into cytokinesis 52 . The midzone appears during anaphase and is transformed into the midbody during cytokinesis in a sequence of events 1 . It was recently shown that recruitment of CEP55 to the midbody depends on the decline of PLK1 activity after anaphase 12 . This study showed that PLK1 phosphorylates CEP55 and prevents its association with the midzone during anaphase and early cytokinesis 12 (FIG. 3) .
Only after PLK1 activity decreases does CEP55 translocate to and integrate into the midbody 12 (FIG. 3) . Inhibition of PLK1 causes CEP55 to translocate to the midbody prematurely, resulting in abscission failure, presumably owing to aberrant midbody architecture and the inability to target ESCRT-III components to the midbody 12 . Thus, PLK1 seems to regulate cytokinesis progression and faithful abscission through its ability to recruit midbody components in an orderly manner by phosphorylation of substrates.
Like PLK1, the mitotic kinase Aurora B also has roles in regulating cytokinesis progression 50 and abscission timing 13, 16 . Aurora B gradually declines in activity during cytokinesis 50 and becomes inactivated at the midbody upon abscission 13 . Premature inactivation of Aurora B promotes abscission 13 , suggesting that there is an Aurora B-dependent mechanism to control abscission timing. When chromatin is trapped within the intercellular bridge, the connected daughter cells delay abscission so the chromatin can be cleared 13 . This delay requires sustained activation of Aurora B and its downstream targets, including the midbody protein mitotic kinesin-like protein 1 (MKLP1; also known as KIF23) and the ESCRT-III protein CHMP4C 13, 16 . Aurora B-phosphorylated MKLP1 seems to stabilize its integration at the midbody, which maintains the integrity of the midbody and intercellular bridge 13 . CHMP4C is phosphorylated by Aurora B at its carboxyl terminus and functions as an abscission regulator, as overexpression of a phosphoresistant mutant CHMP4C cannot restore normal abscission delay in response to bridge-trapped chromatin after depleting endogenous CHMP4C 16, 53 . However, it is unclear whether MKLP1 and CHMP4C act in the same pathway or whether they function independently downstream of Aurora B. Further work is required to determine whether assembly and function of other ESCRT-III components linked to abscission completion are controlled by the CHMP4C-associated pathway. Nevertheless, the Aurora B-mediated phosphorylation pathway may act as an abscission checkpoint to protect cells from inappropriate transfer or damage of genetic material 13 (FIG. 3) .
Figure 2 | Multiple pathways are required to accomplish abscission. a | As the cell approaches abscission, ESCRT-I (endosomal sorting complex required for transport I), ESCRTassociated proteins (for example, TSG101 (tumour susceptibility gene 101) or ALIX (apoptosis-linked gene 2-interacting protein X)) and later ESCRT-III are recruited to the midbody. Concurrently, the intercellular bridge continues to remodel, the bridge microtubules gradually compact, and different types of vesicles selectively traffic towards the midbody. b | About 10-20 minutes before abscission, vesicles are increasingly recruited, presumably facilitating remodelling of the bridge membrane. At that time, helical filaments, the presence of which depends on ESCRT-III components, appear at the final bridge scission site; these filaments may grow spirally from the midbody or may directly form at the scission site. Microtubule-severing proteins such as spastin are also concentrated at this site to selectively sever microtubules. c | After the first bridge-severing event, abscission is accomplished, and the two daughter cells are physically separated. Some cells may undergo a second severing event. Coordination between nuclear pore reassembly and cytokinesis. Following entry into cytokinesis, cells decondense segregated chromosomes and reassemble nuclear pore complexes (NPCs) 54 . NPCs consist of three elements: cytoplasmic filaments, transmembrane scaffolds and nuclear baskets 54 . NPC proteins are known to function in early cell division (for example, during kinetochore and spindle assembly), but their role in cytokinesis is only now becoming clear 14, 15, 48 . SEH1 (SEC13 homologue 1), which is a subunit of the NPC scaffold NUP107-NUP160 complex, is required not only for NPC reassembly but also for cytokinesis, as SEH1 depletion leads to multinucleated cells 15 . Strikingly, SEH1 participates in the translocation of Aurora B to the midzone 15 , an event that is required for midzone organization 50 . Proper midzone organization, in turn, contributes to the progression of cytokinesis and the organization of the midbody for abscission 1 . Although the detailed mechanism is unknown, SEH1-regulated translocation of Aurora B provides clues as to how NPC reassembly is coordinated with cytokinesis to ensure faithful division.
The nuclear basket proteins NUP50 and NUP153 provide another link between NPC reassembly and Aurora B 14 . Depletion of NUP50 or NUP153 not only leads to the mislocalization of multiple NPC components from the nuclear envelope, which in turn results in defective NPC reassembly, but also delays abscission 14 (FIG. 3) .
The mislocalized NPC components in the cytoplasm trap active Aurora B and disturb Aurora B targeting to the midbody during cytokinesis 14 . Inhibition of Aurora B activity restores abscission 14 , suggesting that the delay is caused by prolonged Aurora B activation in response to improper NPC assembly. This Aurora B-dependent surveillance system for NPC reassembly is analogous to its response to bridge-trapped chromatin 13 . However, it is unclear whether Aurora B modulates common or distinct molecular targets in these scenarios. Future work is required to test whether nuclear basket proteins (for example, NUP153) or other NPC components interact with Aurora B and modulate the activity of the kinase. Nevertheless, these new findings reveal exciting new roles for NPCs in cytokinesis, and indicate that Aurora B is important for coordinating chromatin clearance and nuclear pore reassembly with abscission. to prevent CEP55 association with the midzone. PLK1 activity starts to decline after anaphase, allowing the later translocation of CEP55 to the midzone to become incorporated into the future midbody. This and other ordered events during midbody assembly are required for successful cytokinesis and abscission. c | The midbody component mitotic kinesin-like protein 1 (MKLP1) is phosphorylated by Aurora B, and this phosphorylation is crucial for midbody integrity. During cytokinesis, Aurora B activity gradually declines, and the kinase eventually becomes inactivated upon abscission (shown as a white oval), at which point MKLP1 is no longer phosphorylated. d,e | When chromatin is trapped in the intercellular bridge (d) or when nuclear pore complexes are not properly reassembled (e), Aurora B remains active, keeps MKLP1 phosphorylated and delays abscission until chromatin is cleared from the bridge or the nuclear pore complexes are reassembled into the nuclear envelope, allowing abscission to proceed. If Aurora B is prematurely inactivated, the abscission delay in response to bridge-trapped chromatin or to defects in nuclear pore reassembly can no longer occur, leading to the formation of a binucleated cell.
Conclusions and perspectives
Our understanding of abscission has evolved significantly over the past few years, with many unexpected discoveries driven by new technologies and new perspectives. For many years, the proposed mechanisms of cell separation included the widespread idea that cells simply broke the intercellular bridge by crawling apart from one another. The best studied example for this mechanism is the slime mould, Dictyostelium discoideum. The term used for cell separation in D. discoideum is cytofission, which is the process of crawling apart and breaking the interconnection between the two cells 55 . However, recent evidence shows that even cytofission is controlled by a set of genes and that disruption of these genes blocks abscission (for example, the deletion of Bub2 in D. discoideum; D. LaRochell, personal communication). Proteomic analysis of mammalian mid bodies from cytokinetic cells 2 reinforces the idea that abscission requires a range of cellular activities which operate with precise temporal resolution and coordination to achieve a common goal, the final cut that generates two daughter cells. Indeed, enhanced vesicle trafficking and fusion, helical filament assembly and selective microtubule severing all occur about 10-20 minutes before abscission completion, suggesting that there are sequential or collaborative efforts among different pathways for this process.
Vesicle trafficking is a key feature of abscission and involves diverse membrane pathways. Vesicle trafficking is even more important in plant cell division, as plants have a non-pliant cell wall and do not use an actomyosin ring 56 . Instead, plants use vesicles to build the cell plate 56 , which is a flattened membranous compartment that continues to grow centripetally through vesicle delivery and fusion. The cell plate ultimately fuses with the plasma membrane to complete cell division, although the generated plant daughter cells still remain connected through plasmodesmata 57 . Conceptualization of the idea that the ESCRT machinery could contribute to abscission and the subsequent experimental demonstration that it does indeed was a remarkable and seminal discovery. The requirement for ESCRTs in abscission suggests a plausible mechanism for abscission through persistent pinching and constriction of the plasma membrane until the intercellular bridge is severed, similarly to viral budding. However, it has not yet been determined whether and how the helical filaments constrict the membrane at the intercellular bridge, the diameter of which is significantly larger than that present during MVB biogenesis and viral budding. These questions must be addressed to obtain a better understanding of the role of ESCRTs in abscission.
Microtubule severing and depolymerization are required for resolving the intercellular bridge, and proteins such as spastin have emerged as major players 3 . It seems that microtubules are selectively severed at the scission site, and a number of short microtubules are retained by post-mitotic midbodies 6 , suggesting that selective microtubule elimination occurs at the scission site rather than global disassembly of all microtubules. Bridge microtubules are dynamic 58 but may be stabilized by regulatory post-translational modifications, such as acetylation or detyrosi nation 59 , from early cytokinesis to abscission. Whether and how these modifications can affect abscission also requires further investigation.
PLK1, Aurora B and, most likely, other regulatory molecules modify midbody proteins to regulate midbody assembly and integrity throughout cytokinesis (FIGS 2,3 ). These kinases operate as a surveillance system to ensure the progression and fidelity of mitotic processes such as chromatin segregation, nuclear pore assembly, proper execution of abscission and prevention of genomic instability (FIG. 3) . In most cells, cytokinesis takes longer than all the other stages of mitosis combined. This may be to ensure enough time for the connected daughter cells to fix certain division defects, including bridgetrapped chromatin and improper NPC reassembly 13, 16 . Thus, the uncovered role of Aurora B as an abscission checkpoint was an important step forwards in understanding how cells regulate abscission progression 13 . When comparing studies within the field, it seems that (late) cytokinesis defects are defined differently among several studies. Thus, live super-resolution imaging-based analysis with comparable start and end points is indispensible, and will allow us to more accurately resolve the spatiotemporal dynamics of midbody proteins during cytokinesis and perhaps facilitate imaging of structural elements that have been observed by electron microscopy. This will provide insights into where and when different cellular pathways are recruited and how they function coordinately.
